Current risk assessments of the likely regional health impacts of global climate change (GCC) are hindered by two factors. First, dose-response relationships between weather parameters and many of the likely health effects have not been developed, and second, reliable estimates of future regional climates across the United States are still beyond the scope of current modeling efforts. Consequently, probabilistic risk estimates of most of the likely regional health impacts of GCC have such a high degree of uncertainty that their usefulness to health officials dealing with regional issues is very limited. With the numerous pressures on today's health care systems, it is understandable that the possible consequences of GCC have received scant attention from regional health care decision makers. Indeed, the consensus among this community appears to be that any increases in health effects associated with GCC will be easily handled by the current health care system. However, such a position may be naive as the potential exists that an unequal distribution of such effects could overwhelm some regions, whereas others may feel little or no impact. This review of the likely regional impacts of GCC has been structured as a semianalytical look at this issue of distributional effects. Because of the lack of dose-response information and reliable estimates of future regional climates, however, it takes a historical perspective. That is, it assumes that the quality and quantity of health risks a region faces under GCC will be directly related to its recent history of health risks from warm weather/climaterelated diseases as well as to the size, characteristics, and distribution of the sensitive subpopulations currently residing within its borders. The approach is semiquantitative; however, it uses national data gathered on a regional level and as such should only be used to generate a hypothesis rather than test it. When applied to the United States, its outcome leads to the hypothesis that if indeed history repeats itself, some states or regions may be more greatly affected by GCC than others, not only because historically they are more prone to summer weather/climate-related diseases, but also because they contain a greater proportion of the sensitive subpopulations in the United States. -Environ Health Perspect 107(Suppl 1):1 69-179 (1999). http://ehpnetl.niehs.nih.gov/docs/1999/Suppl-1/169-1 79longstreth/abstracthtml
Background
Ten years ago when I was asked by the U.S. Environmental Protection Agency (U.S. EPA) to develop a review of the possible health effects that might increase in the United States under the conditions of global climate change (1) , I quickly learned that there was voluminous literature on the relationship of dimate/weather and any number of human diseases going Manuscript received at EHP 21 July 1998; accepted 23 October 1998. back at least as far as the time of Hippocrates (2) . Indeed, one weather-disease relationship, heat stress, was sufficiently well characterized to have an occupational health criterion (3) . For other diseases, e.g., malaria, sufficient information existed for the development of complex models of the relationship between disease and climate (4) . These models had been used to help identify the risks of these diseases for servicemen stationed in certain locations (5) .
As a result of reviewing the literature, I identified seven possible health effects that might increase worldwide with global climate change: heat stress, insect-and animal-borne disease, respiratory disease, allergic disease related to environmental allergens, developmental effects, i.e., perinatal mortality and/or preterm birth, health problems due to malnutrition and lack of water, and health problems due to crowding (6) . Of these only the first five seemed to be of concern in the United States (1) .
When this document was submitted for review to the U.S. EPA Scientific Advisory Board, and although they agreed with the finding that a generally warmer climate could lead to increases in these diseases in the United States, several of the document's reviewers contended that the likely impact of such increases in the United States would be trivial and easily handled by the nation's state-of-the-art health care system. These reviewers felt that it would be the ecologic effects that would be disastrous in the United States.
Over the years, none of the subsequent research I reviewed convinced me differently with regard to particular weather-climate related diseases. Although it was dear that the developing world was likely to be at great risk from the increased health effects expected under global climate change, it seemed equally clear that the developed world probably had sufficient resources to withstand what was coming in turns of public health. Indeed, when asked by the Office of Technology Assessment (OTA), to identify and research the one health issue associated with global climate change (GCC) that I thought would most affect the United States, I chose a totally different issue, albeit somewhat related, and that was the importation of communicable diseases by "environmental refugees"-individuals displaced from their home countries by climate change-related disasters, e.g., sea level rise, famine, etc. (7) .
Contributing to my lack of concern about the health effects of climate change in the United States was the fact that because of the uncertainty in predicting the precise climatic conditions for the most likely health effects (8) , different modeling efforts indicated that the same region could be at greater risk or at less risk depending on the disease and the model chosen (4, 9) .
Furthermore, in the case of some of the more life-threatening infectious diseases such as malaria and dengue, modeling efforts revealed that global warming was not necessary to achieve appropriate conditions for transmission of these diseases. Climatic conditions in the South were Environmental Health Perspectives * Vol 107, Supplement 1 * February 1999 currently perfectly adequate to support the transmission of these diseases. Competent vectors were present; what was lacking was an infected human population of sufficient size to maintain the transmission cycle (4) . This seemed a rather remote possibility given the excellence of the American health care system.
As I found out with the OTA project, however, such a conclusion was a rather naive one. Yes, the American health care system is excellent; however, its coverage is far from universal (10) . Furthermore, the American public health care system, which should provide a safety net to those without health-care coverage, is under siege economically (11) , has by Congressional mandate been specifically denied to immigrants (12) , and is gradually losing medical personnel with expertise in tropical medicine necessary to recognize and treat such diseases should they be introduced (13) . These factors, in conjunction with the knowledge that there are large numbers of immigrants in certain areas of the United States who rarely if ever come in contact with the American health care system, led to the realization that there might be instances where such infections, once introduced, could gain a foothold in the United States. This in turn led to concern by several groups about the impact of GCC on environmental refugees (7, 14) .
Even knowing theoretically that certain weather-related infectious diseases, e.g., malaria, could become established in the United States was insufficient to convince me that GCC posed much of a threat the nation's public health. After all, the reintroduction of malaria was not dependent on climate change; in the past 10 years on a variety of occasions mosquito-transmitted malaria has occurred. Such episodes had always been small and apparently self-limited (15) (16) (17) . A similar rationale was applicable to other infectious diseases such as dengue (18, 19) ; thus, it still seemed unlikely that any of these insults would affect the health of U.S. citizens in any significant way.
In this regard, I was like many of the American public health care establishment who if asked for a list of public health priorities certainly would not have included GCC among the top ten (20) . However, as I came to realize, such a position might be short-sighted, as it failed adequately to consider two very important aspects of this problem. The first is distribution. There is no reason to believe that increases in these diseases will be equally distributed across (21, 22) . Risk estimates have been both quantitative and qualitative depending on whether a health effect of concern has an empirical model of the weather-disease relationship developed for the United States. Such models exist for heat-associated mortality (23) and several vector-borne diseases (4, 24) , but have yet to be developed for health effects associated with algal blooms or extreme weather events (1, 21) . To date, however, the uncertainty of the estimates from such models makes them of limited usefulness for public health planning. Consequently, the information presented in the next section is drawn principally from historical information.
Heat-Aoated Inceases (1, (25) (26) (27) (28) . Less evidence exists on nonfatal illnesses, but it is a reasonable general assumption that those with similar mechanisms will also increase (21) .
The mechanism underlying these deaths is thought to (1, 9) . Although climate change could also bring milder winters and a drop in winter death rates, the predicted increase in death rates from hotter summers may be such that there is a net increase in deaths associated with changing climate (21) .
Increases in Ground-Level Ozone and Other Air Pollutants
Higher temperatures tend to be associated with increases in the criteria air pollutants (ozone, carbon monoxide, sulfur dioxide, lead, nitrogen dioxide, and particulates smaller than 10 microns), thereby leading to a decrease in air quality, especially in urban areas. In 1994, the U.S. EPA (31) estimated that approximately 50 million people live in counties with air quality that does not meet the U.S. EPA healthbased standards, i.e., in nonattainment areas. Changes in regional temperature, precipitation patterns, clouds, wind speed and direction, and atmospheric water vapor, all of which could be affected by an increase in the global mean temperature, may affect future air pollution levels and episodes (21) .
For example, the influence of meteorologic conditions, particularly temperature, on ozone concentrations is well established. The relatively high urban ozone levels in 1983 and 1988 were likely due in part to the hot, dry, stagnant conditions that occurred in various areas of the country (32) . Such increases in ozone levels have been associated with increases in the incidence of asthma, allergic disorders, and cardiorespiratory disorders and deaths (21) .
Children are at higher risk from such increases than adults because their lungs are still developing and they spend more time outdoors in summer when ozone levels are higher (33) . In addition, members of racial/ethnic minorities with low incomes have a disproportionate risk of being affected by increased ozone levels because they more often live in urban areas where such increases more frequently occur (34) . Demographic trends such as population aging, urbanization, and increasing levels of disability and chronic illness may also increase vulnerability to these potential impacts among populations in developed countries such as the United States. Although uncertainties remain, it is likely that an increase in global temperatures would worsen urban air quality problems by increasing the number of nonattainment areas, increasing the rate of natural emissions of hydrocarbons, and increasing the formation of acidic material such as sulfates (1, 21) .
Increases in Insect-and Animal-Borne Diseases
Increases in temperature and humidity have been predicted to lead to ecologic conditions more favorable to the survival of a variety of vectors, hosts, and the infectious agents they transmit, thereby increasing the likelihood of a variety of infectious diseases (6, 22) . These climate changes may favor expansion of already endemic diseases, e.g., arbovirus encephalitis, hantavirus pulmonary syndrome, or could increase the likelihood that imported diseases such as malaria and dengue will become endemically established in the United States.
Endemic Diseases. A number of insect-and animal-borne diseases currently affect populations in the United States. Generally the numbers of individuals affected are small, although in the past larger outbreaks of some of theses diseases (e.g., arbovirus encephalitis) have occurred (35) . For this review, examples of two types of these diseases have been chosen for evaluation-arbovirus encephalitis, which is transmitted by a mosquito and hantavirus pulmonary syndrome, which is transmitted by virus shed by a rodent host.
Cases of mosquito-borne, arbovirusinduced encephalitis are diagnosed every year in certain regions of the United States (35) (36) (37) (38) . However, the influence of variables such as precipitation and extent of a rise in sea level was not accounted for in these studies nor were the effects of warmer winter temperatures, which may potentially amplify viral production (39 (42, 43) . In most cases the deer mouse is thought to be the primary reservoir of the virus. In the Southeast and the Atlantic seaboard, however, other reservoirs such as the cotton rat are suspected (43) .
Imported Diseases. Several vectorborne diseases such as dengue fever and malaria, although not presently endemic in the United States, frequently are diagnosed in travelers visiting or returning here (44, 45) . Mosquito vectors for these diseases currently are found mostly in the southern United States, but one, the Asian Tiger Mosquito, Aedes albopictus, has been identified in areas as far north as Michigan (46) .
Dengue fever is routinely imported into the United States by travelers returning from locations where the disease is endemic (47) . Although the principal vector, the Aedes aegvpti mosquito, was nearly eliminated from the Americas in the 1960s, it is now found widely throughout the region (45 may not exist over areas sufficiently large to maintain the infection in exposed populations; b) extensive use of air conditioning and window screens in the most densely populated areas restricts human contact with the mosquito vector; and c) the amount of free circulating viruses in the bloodstream necessary to continue disease transmission lasts on average only 4 to 5 days. In the absence of a sizable infected population, this is a very short time within which vector-host contact must be made (44) .
The vector and climate conditions required for the transmission of malaria are similar to those for dengue and are already present in several cities in the South such as Miami, Key West, and Orlando, Florida (4). Imported cases routinely number in the hundreds (45) . Cases acquired in the United States are much rarer and often attributable to either congenital malaria or acquisition of the parasite through blood transfusion (44) . Occasionally, local transmission, presumably from infected mosquitos, has been observed (15) (16) (17) , but such outbreaks have been limited in scope.
Modifying factors similar to those discussed previously for dengue also apply to malaria, thus, as long as the current infrastructure and health care systems are maintained, reestablishment of this disease seems unlikely (4, 17 (21) .
Increases in Accidents and Disease Associated with Extreme Events
There is concern that global warming because it increases heating and the water vapor content of the atmosphere will increase convective instability and consequently spawn more frequent and/or more severe storms. This could lead to both immediate and delayed increases in the rates of death, injury, infectious diseases, and psychologic disorders. In (44) or 10 or more cases of malaria in any of the last four summaries of notifiable diseases (67) (68) (69) (70) .
States were considered to be at risk from algal bloom-related illness if they had a past history of algal blooms or food poisoning from fish or shellfish (21, (51) (52) (53) (54) (55) . Similarly, a recent history (last 10 years) of marked morbidity or mortality associated with floods or storms placed the state in the high risk category for extreme event-related health effects (49, (56) (57) (58) (59) .
Populations at Special Risk
In the process of developing Figure 1 , it became apparent that states in certain regions of the country historically deal with a greater variety of warm weather-related health effects than other regions. Thus, for instance, the public health establishments of most of the Gulf coastal states traditionally deal with algal blooms and/or shellfish contamination (51) (52) (53) (54) (55) , frequently detect multiple cases of viral encephalitis (35) (36) (37) , malaria (67) (68) (69) (70) , and/or dengue (44, (47) (48) , and frequently deal with the aftermath of violent storms (49, 56, 57) . In addition, many of these regions also have to contend with air pollution from tropospheric ozone (66) and mortality from heat waves (25, (28) (29) (30) . In a few cases, they must also be concerned about hantavirus infections (41, 42) . In comparison, most of the Great Plains states have had to be concerned about only one, or at most two, of these effects.
At the same time, it occurred to me that some of the states that experience the greatest number of weather-related health effects had other characteristics that might augment or enhance their degree of vulnerability to these effects. Florida, for instance, has the greatest percentage of residents over 75 (71) and many of the southern coastal states have greater than average infant mortality rates (71) . According to a variety of reviews (1, 6, 21) subpopulations. Subpopulations indicated to be at especial risk for weather-related illness included the elderly, the very young, the poor, those with pre-existing disease, and those without medical insurance (1, 6, 21) . Most of the information that identifies these populations as sensitive is empirical [e.g., Kilbourne (26) ], although often there are additional data that point to underlying mechanisms. Below is a brief synopsis of some of the characteristics thought to be responsible for the special susceptibility of these various populations to weather-related health effects. The exact magnitude of the increased risk associated with each characteristic is difficult to judge; suffice it to say that it varies from disease to disease and that for a given individual it increases with the presence of each additional characteristic, e.g., the elderly poor are at greater risk than the elderly affluent.
The Elderly
As a general rule, the elderly are likely to be more susceptible than the general population to most of the environmental insults discussed previously. A variety of factors can contribute to such increased sensitivity to heat waves (27) . As summarized by Kilbourne (27) (27) .
Similar impairments make the elderly more susceptible to the acute effects of increased air pollution. They are more likely to have underlying (cerebrovascular, cardiovascular, and respiratory) illnesses that can become crises under conditions of impaired respiration (22) ; they are also known to have a diminution in the lung's ability to clear inhaled materials (72) , which places them at increased risk for adverse effects, such as fibrosis and cancer, from sustained exposure to such materials. The elderly also are more susceptible to infectious diseases because of a decline in their immune systems. They do not make antibody responses as well and their cellular defenses are not as effective as those of their younger counterparts. Some of this may be related to poor nutrition, but there is also evidence of a decline with age in certain immunologic functions independent ofnutritional status (73) .
The elderly are also more vulnerable to threats from storms and floods because their abilities to respond quickly to stressors are diminished and because they are often less ambulatory and thus less able to evacuate quickly and are more prone to accidents (74) (75) (76) . The 
Young
The young are in many ways like the elderly, although in their case it is not a loss of function but rather that they have not yet acquired certain functions. In the case of heat stress, sensitivity to heat is greatest in children less than a year old whose thermoregulatory systems have not developed to adult potential. Children who are ill, particularly with diarrheal diseases, are particularly vulnerable, possibly because dehydration also compromises the Environmental Health Perspectives * Vol 107, Supplement l * February 1999 REGIONAL IMPACrS OF GCC ON PUBUC HEALTH thermoregulatory system by decreasing perspiration (27) .
In the case of air pollution, children are more at risk than adults because they have a greater ratio of lung volume to weight so their intake on a per-weight basis is also greater (77) . In addition, their respiratory systems are less effective in clearing foreign particles than those of adults, and their abilities to detoxify pollutants through metabolism is also less fully developed (78) . These factors also contribute to increased susceptibility to infectious disease, which is augmented because their immune systems are still developing and therefore are not yet fully competent (79) . Children also spend more time outside than adults, so they are more frequently exposed to environmental threats such as air pollution or insect-and animal-borne diseases.
The Poor
Death during heat waves in the United States is mainly an urban phenomenon that disproportionately affects areas with low income populations. This special susceptibility of populations living in urban areas may be due partly to the tendency of the urban architecture (masses of brick, concrete, stone, and asphalt) to absorb solar heat energy during the day then radiate it back at night thus continually maintaining a heated environment. This "heat island" effect coupled with other urban characteristics, e.g., lack of shade trees and the tendency of tall buildings to decrease wind velocity and thus the cooling effects of moving air, results in a much greater increase in ambient temperature than in nonurban areas. Rural and suburban environments, which not only cool off at night but are much more likely to be open to air flow and to use shade trees for landscaping, thus are much less likely to be associated with heat-related illnesses. In addition, the poor may be at greater risk because they are less able to afford air conditioning or to engage in other strategies that can reduce heat stress, e.g., leaving the city during peak heat or visiting air-conditioned environments (27) .
Susceptibility of the poor to other environmental diseases may also be related to their lack of resources. Poor nutrition and crowding may increase their susceptibility to infectious diseases because of compromised immune systems (79) , substandard housing may increase their risk during floods and storms because of the greater likelihood of building collapse, and residence in an urban area increases their likelihood of exposure to air pollution (31) .
Those with Preeng Disease
As discussed above, a number of conditions contribute to special sensitivity to heat stress; these include cerebrovascular, cardiovascular, and respiratory diseases as well as those diseases that lead to dehydration (1, 21, 27) . Some of the same diseases also are associated with greater sensitivity to air pollution, e.g., respiratory and cardiovascular diseases. In addition, as mentioned previously certain medications can enhance susceptibility to heat stress (27) .
Diseases/treatments that suppress the immune system (e.g., AIDS, kidney transplantation) often lead to greater susceptibility to infectious and possibly contribute to increased rates of morbidity and mortality from the environmental infectious diseases (79) . Finally, diseases of cognitive function, e.g., Alzheimer's, can make it more difficult to respond appropriately to the threats associated with such events as floods or storms.
Those without Medical Inance
Individuals without medical insurance are more susceptible to weather-related health effects because they do not routinely see health care providers (80) and therefore frequently miss early treatment of these diseases that might limit morbidity and mortality (81, 82 (83) . In some instances, these references did not provide statistics on the geographic distribution of the precise subpopulation of interest, so a surrogate was used. Thus, although the very young might best be described as children under 1 year of age, information on children under 5 years of age was used, as this was the youngest group for which geographic distribution information was presented (83) . The statistic used for the elderly was individuals over 75 years of age. For the subpopulation of those with preexisting disease, the statistics evaluated were mortality from cardiovascular and chronic obstructive respiratory disease based on the argument advanced by the IPCC that morbidity would likely mirror mortality (21) . Thus the states with a greater incidence of mortality from these diseases likely would have a greater incidence of individuals with these diseases. Figure 2 Figure 2) ; if GCC exacerbates weather-related health effects and the qualification criteria for these programs remain the same, demands on these budgets are also likely to increase along with the demand for federal services related to these effects, e.g., air pollution monitoring.
Next steps
As mentioned previously Figures A second way to expand this approach would be for states to use this method to assess their own vulnerability. As a starting point, states may need to determine if there were any systematic changes in the incidence of environmentally related diseases when statistics from the past two decades are compared. Both increases and decreases should be noted, as it is likely that a warmer climate would result in decreases in some environmentally related diseases, e.g., hypothermia, and it is conceivable that such decreases could offset increases in diseases such as those discussed above. Diseases other than those discussed previously also might need to be examined. Insect-and animal-borne diseases such as erhlichiosis (83) and Lyme disease (84) Foodborne diseases such as Salmonella enteritis (85) , listeriosis (61) and Cyclospora infections (86) have come to be of sufficient concern in the United States that in 1994 the Centers for Disease Control instituted an active surveillance system (87) . Warmer temperatures encourage the growth of many of these organisms. Thus it is reasonable to expect that a warmer climate could result in a greater degree of source contamination, e.g., raw or uncooked eggs in the case of salmonella, as well as a greater degree of food contamination from improperly handled foods, e.g., homemade mayonnaise (88) . Similarly, recent statistics on waterborne diseases in the United States suggest that these diseases occur with greatest frequency during the summer months and that, at least in the case of infectious agents, in more northern states (89) . Therefore, if climate change results in longer summers in the north, it may also result in an increase the incidence of waterborne and foodborne diseases in these regions.
A final group of diseases that could be affected by GCC Should a state or a region desire to assess its vulnerability to weather-related diseases using the approach outlined here, it might be best to focus only on those diseases that are currently problematic in their area, where problematic is defined by area health care professionals. Some of the reasons a disease might be considered problematic include a wide distribution, severity of effect, and recalcitrance to or expense of, treatment or containment.
After identifying the set of diseases of concern, health officials must examine information on the historical distribution of these diseases at the county level in Federal officials need to be alerted that stress placed on their programs by the aging of the U.S. population is likely to be exacerbated because of the elderly represent a sensitive subpopulation for these weather-related effects. Similarly the stresses associated with increases in the percentage of the population below the poverty level may be exacerbated by the particular sensitivity of this population to these effects.
